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Abstract
It has been found that the particles size, volume fraction of the film-forming sol disperse phase, the pack-density of the particles
in the layer, affect the optical properties of nanodimensional films and composites consisting of a glass substrate coated with
the surface film. The threshold energy density of the laser ablation destruction of the films being components of the composites
also depends largely on the state of the sol dispersed phase. This value needed for the ablation under the laser radiation with
nanosecond pulse duration was found to increase with the dispersed phase particles pack-density in the layer. Moreover, this value
increased with the particle size and decreased as the fraction by volume of that phase and particles pack-density rose when using
microsecond pulse duration. These relationships are due to low thickness and density of the nanofilm, and as a result the laser beam
interacted practically with the dense glass substrate.
Copyright © 2015, St. Petersburg Polytechnic University. Production and hosting by Elsevier B.V.
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Nanocomposites are glass substrates coated with the
surface nanoscale films made of oxide. They have many
applications in optical instrumentation, industrial and
civil construction and are widely used for research pur-
poses [1–3].∗ Corresponding author.
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(Peer review under responsibility of St. Petersburg Polytechnic University).The process of applying a film coating to the
surface may be carried out by both physical and
chemical methods; each of them has advantages and
disadvantages. The chemical method holds promise
because it does not require precise equipment [4], but
at the same time, it has some negative properties; the
main negative property of the chemical method is the
use of colloidal sol-solutions in the technological pro-
cess; these solutions being very sensitive to changes in
the chemical composition of precursors and sols them-
selves and to storage conditions, applying and fixing
film-forming solutions on the glass substrates [5,6]. We
showed in [7] that nanofilms’ optical parameters were
ion and hosting by Elsevier B.V. This is an open access article under
0/).
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solution.
The goal of our work is to estimate the effect of sols
main characteristics such as volume fraction and size of
dispersed phase on the optical parameters of nanocom-
posites: the refractive index, the light transmittance, the
laser ablation threshold energy density of the samples in
order to form an opinion on the sample optical strength.
2. Experimental
2.1. Sample preparation
The samples of the float glass with dimensions of
50 mm × 50 mm × 3 mm served as substrates. Sam-
ples were cut out from a single sheet to minimize the er-
rors due to inhomogeneities of the glass composition re-
ceived from different production sources. The sols taken
for studies contained one (SiO2 or TiO2) or two film-
forming oxides, one of which was TiO2, and the sec-
ond one was CdO, CuO or SnO, added in the amount of
2 wt.% of the total film-forming oxides concentration in
the sol. The solvent was isopropyl alcohol; the silicon
and titanium oxides were introduced through the alkox-
ides, respectively, of titanium tetraethoxide (TET) and
silicon tetraethoxide (TEOS). The hydrochloric acid
served as a catalyst for alkoxides hydrolysis. Powder-
like oxides of cadmium, copper and tin were previously
dissolved in concentrated hydrochloric acid. The total
mass concentration of film-forming oxides in sols was
5%. The sols storage duration before applying (aging
duration) varied from 2 to 47 days. The extraction speed
of the substrate from the film-forming solutions (apply-
ing speed) was 3.8 mm/s. After sol applying the samples
incubated at room temperature for 1.5 h to evaporate the
solvent partially, to make hydrolysis and polycondensa-
tion processes in the film material more complete, and
then the samples were subjected to heat treating in a mi-
crowave furnace for 30 min.
2.2. Measurement methods
The sol viscosity was measured by the VPZ-1 type
viscometer in our experiments, its density – by the
hydrometer and a light transmission of sols at fixed
wavelengths was taken using KPK type photoelectric
calorimeter. From these measurements the volume frac-
tion ϕ of the sol disperse phase was calculated in the
same manner as it was done in Ref. [8]:
η = η0(1 − 2.5 φ), (1)where η, η0 are the sol and the solvent viscosity values,
respectively.
The nanofilms refractive index n and their thickness
h (in nm) were measured by Uvisel type 2 Horiba Jobin
Yvon spectroellipsometer. Light transmission T (in %)
of the nanocomposite samples in the visible range of
400–800 nm was recorded using the FSD-8 type mi-
crospectrometer and processed by personal computer
(PC). The composite transmittance average value Tmid
in the visible region of the spectrum was calculated from
the measurement results.
On the assumption that the particle shape is spheri-
cal or close to such, the particle size d of the dispersed
phase was calculated by the Geller equation [9], starting
from the measured sol transmittance of the optical emis-
sion. Due to this method’s limitation in calculating only
for “white” sol, the selected wavelengths were chosen
with the minimal absorption of the copper complexes
for the colored copper-containing solutions.
The dispersed phase particles packing density γ in
the nanofilm layer was calculated (without taking into
account the interaction between the particles) by the
next expression [10]:
γ = 0.75 · d · φ. (2)
It should be noted that the larger is the particle size in
the dried and heat-treated coating, the larger is the dis-
persed phase particle size in the sol. It may be assumed,
however, that the γ calculation results derived from the
dispersed phase size in the sol will be proportional to
the packing density in the film.
To study experimentally the laser ablation of the
coatings that are the components of the composites, the
threshold density values for the laser radiation energy at
which the film breakdown starts on the sample surface
were measured.
Optical layout and description of the laboratory laser
ablation station for these measurements are presented in
[11–14]. The measurement procedure by means of this
station is described in [13,14] as well.
3. Results and discussion
The first measurement set aimed at investigating the
dependence of nanofilm thickness on the sol character-
istics. The experimental data are shown in Fig. 1.
We notice that the measured film thickness is directly
proportional to the disperse phase volume fraction of
the sol. Such a dependence is well described by a linear
equation with a correlation coefficient of R2 = 0.86.
It is worthy of note that no clear relationship between
the packing density, dispersed phase particles size of
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Fig. 1. The plot of the recorded film thickness h versus the dispersive
phase volume part ϕ in sol used for the film drawing. The linear de-
pendence was approximated by the line of 2.1729ϕ + 75.641 with the
accuracy of R2 = 0.861.
Fig. 2. The plot of the composites average recorded light transmit-
tance Tmid versus the dispersive phase volume part ϕ in the same sols
as those in Fig. 1. The linear dependence was approximated by the
line of –0.41ϕ + 97.65 with an accuracy of R2 = 0.92.
for the film laser ablation under laser radiation withthe film and its thickness has been gained in our ex-
periments. In this case, only a slight trend was toward
the growth of this thickness with the packing density in-
creasing and the particle size decreasing.
The light losses in the transparent material, determin-
ing its transmission, are formed primarily from losses
by reflection from the sample surface and losses by the
scatter from its structure heterogeneity.
The pores, being formed due to the incomplete par-
ticles sintering at the low temperature of heat treatment
(not exceed 500 °C) of the films, provide the major por-
tion of this heterogeneity. The given temperature is lim-
ited by the value at which the glass substrate deforma-
tion begins. The measurement results for the sample’s
light transmittance against the sols values ϕ are shown
in Fig. 2.The plot in Fig. 2 shows that the Tmid value varies
in inverse proportion to the disperse phase volume
fraction ϕ of the sol with the correlation coefficient be-
ing equal to 0.92. As the dispersed phase volume frac-
tion is directly proportional to the film thickness (see
Fig. 1), increasing the sample light transmission with
the film thickness decreasing is obviously explained by
the reduction in scattering by the microstructure inho-
mogeneities of the thinner coating.
As for the influence of the packing density and par-
ticle size on its light transmittance, it is not quite evi-
dent, and only a trend to the inversely proportional “the
dispersed phase size – light transmittance” dependence
was detected.
The solids refractive index is primarily specified
by its chemical composition. Indeed, a comparison
between these indicators for the films of TiO2 and
TiO2–CdO with the uniform thickness shows that the
former is of higher value than the latter (1.97 against
1.91 [15]). However, the refractive index of porous bod-
ies, among which are the nanofilms, is determined, to
some extent, by their porosity and gas composition fill-
ing the pores [16]:
neff = n1 − (n1 − n3) − (n2 − n3) × f (P/P0), (3)
where neff, n1, n2, n3 are the refractive indices of the
film itself, the skeleton of the film material, the adsorbed
water and air, respectively; П is a material porosity; the
function f(P/P0) can be taken to be unity.
The experimental data indicate the existence of the
direct proportional relationship between the film refrac-
tive index and the disperse phase particle packing den-
sity of the sol.
More reliable correlation was observed between the
growth of the film refractive index and increase in the
dispersed phase volume fraction of the sol. The reason
is that the migration of the low-refraction sodium, cal-
cium, and silicon oxides from the substrate into the film
slows down as the film thickness grows up [17].
The dispersed phase packing density in the nanolayer
increasing is proportional to a buildup of the film mate-
rial density, and therefore the threshold energy density
Fb, necessary for the laser ablation destruction under the
action of the laser radiation with nanosecond pulse du-
ration (the thermal splitting effect [14]), will grow sym-
batically to the film material density; It is the fact to
follow from the plot in Fig. 3.
The reasonable film thickness should serve, to an ex-
tent, to increase the breakdown threshold energy den-
sity. However, its value was actually unaffected by the
particle size. The threshold energy density Fb, required
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Fig. 3. The plot of the recorded breakdown threshold energy den-
sity Fb of laser radiation with nanosecond pulse versus the dispersive
phase packing density γ in the same sols as those given in Figs. 1 and
2. The linear dependence was approximated by the line of 2.11 γ –
4.75 with an accuracy of R2 = 0.81.
Fig. 4. The plot of the recorded breakdown threshold energy density
Fb of laser radiation with microsecond pulse duration versus the dis-
persive phase packing density γ in the same sols as those given in
Figs. 1–3. The linear dependence was approximated by the line of
–0.9309 γ + 166.63 with an accuracy of R2 = 0.87.
Fig. 5. The plot of the recorded breakdown threshold energy density
Fb of laser radiation with microsecond pulse duration versus the dis-
persive phase dimension d in the same sols as those given in Fig. 1–4.
The linear dependence was approximated by the line of 0.63 d + 28.53
with an accuracy of R2 = 0.88.300 µs pulse duration, varies in inverse proportion to
the sol particles packing density γ (see Fig. 4).
It is evident from Fig. 4 that the presented depen-
dence is opposite to that observed for the laser radia-
tion with 20 ns pulse duration. Considering a priori that
the packing density is directly proportional to the mate-
rial density, all other parameters being equal or similar
(for example, melting point), so the porous material will
melt and evaporate more rapidly. However, the nanofilm
is applied to the nearly porous-free, hard and mono-
lithic glass substrate with the melting point of more than
1400 °C, and it is rather difficult to melt and to evapo-
rate this substrate. This obstacle may be responsible for
observed growth in the threshold energy density.
The existence of the inverse proportional relationship
between the dispersed phase volume fraction (and film
thickness) and the threshold energy density for the laser
radiation with microsecond pulse duration confirms theassumption of the possible reason for the increase of Fb
value (microsecond pulse duration) associated with the
necessity of evaporating the refractory substrate mate-
rial.
The particle size increasing causes their melting
point growth [18] and naturally requires more energy for
vaporization, which is confirmed by the plot in Fig. 5.
4. Conclusion
On the basis of the investigation results the following
may be concluded:
(i) It has been experimentally proved that the film-
forming sols characteristics affect significantly all
the involved properties of the glass composites
with nanodimensional coatings;
(ii) The film thickness is directly proportional to the
dispersed phase volume fraction of the sol;
(iii) The luminous transmittance values Tmid are in-
versely proportional to the dispersed phase vol-
ume fraction of the sol; this relationship is at-
tributable to the decrease in light scattering from
the inhomogeneities in microstructure of thinner
nanocoating;
(iv) It has been shown that a trend to the directly pro-
portional dependence of both the particles pack-
ing density and the dispersed phase volume frac-
tion increasing on the film refractive index. This
relationship may be explained by the slowdown of
diffusion of the low-refractive sodium, calcium,
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with the growth of its thickness and density;
(v) The threshold energy density required for the
laser ablation under the laser pulses of nanosec-
ond duration increases with the growth of dis-
persed phase packing density in the layer;
(vi) The threshold energy density required for the
laser ablation under the laser pulses of microsec-
onds duration increases with the growth of par-
ticle size buildup due to their melting tempera-
ture and decreases with the growth of both the
dispersed phase volume fraction and the particles
packing density. The observed phenomenon is ex-
plained by both the small thickness and density of
nanofilm, and therefore the laser beam interacts,
in fact, with the dense and refractory glass sub-
strate.
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